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RESEARCH
S
oybean [Glycine max (L.) Merr.] is the world’s most impor-
tant oilseed crop. Soybean seed comprises ~20% oil and 40% 
protein. The nutritional quality of soybean protein is the highest 
among plant sources (Henley and Kuster, 1994; Young, 1991). 
Soybean also contains phytochemicals known as isofl  avones. Iso-
fl  avones are classifi  ed as phytoestrogens because of the similarity 
in chemical structure with mammalian hormone estrogen. Pre-
vious studies have reported on the benefi  cial health attributes of 
isofl  avones. Isofl  avones may act as estrogenic compounds, anties-
trogenic compounds, and as antioxidants (Messina, 1999). Isofl  a-
vones play a role in preventing coronary heart disease, preventing 
specifi  c cancers and osteoporosis, and have the ability to attenuate 
many menopausal symptoms (Setchell, 1998). Recently, however, 
the American Heart Association, in a review of 22 randomized 
trials, reported little supporting evidence for health benefi  ts asso-
ciated with soybean protein and/or soybean isofl  avone (Sacks et 
al., 2006). The impact of isofl  avone on human health continues 
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Isofl  avones are naturally occurring compounds 
found in soybean [Glycine max (L.) Merr.]. Soy-
bean isofl  avone, as a quantitative trait, is subject 
to signifi  cant genotype × environment interac-
tion, which makes breeding for this trait diffi  cult. 
Thirty F4:7 soybean lines, derived from crosses 
of ‘RCAT Angora’ × CK-01 and ‘Heinong 35’ × 
RCAT Angora were classifi  ed within each popu-
lation as high, intermediate, or low isofl  avone. 
The lines, parents, and two maturity checks 
were grown in four locations in 2005 and six 
locations in 2006 across Ontario and Quebec, 
Canada. Isofl  avone content of the mature seed 
was determined by near-infrared refl  ectance. 
The effects of genotype, environment, and the 
genotype × environment (G × E) interaction were 
signifi  cant. Consistently performing genotypes 
from the two populations were identifi  ed by sev-
eral stability parameters. Genotype–genotype 
×  environment (GGE) biplot demonstrated an 
ability to provide information on both the geno-
types and the environments in which they were 
evaluated. The identifi  cation of genotypes with 
consistent placement in either the high- and 
low-isofl   avone classes suggested that breed-
ing for relative isofl  avone content in soybean is 
possible, although breeding for absolute stabil-
ity remains a challenge, given the large environ-
mental infl  uence on soybean isofl  avone levels.
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to be actively researched, and further research using long-
term studies may add clarity to these contrasting results.
Synthesized via the phenylpropanoid pathway as sec-
ondary plant metabolites, isofl  avones play a role in plant–
microbial interactions. Soybean isofl   avones encourage 
infection and nodulation by Rhizobium spp. (Kosslak et 
al., 1987) and they are associated with a disease resis-
tance response to pathogens, specifi  cally  Phytophthora 
sojae Kaufm. & Gerd., the organism responsible for Phy-
tophthora root rot (Rivera-Vargas et al., 1993).
As a quanti tativ e trai t (H oec k et al. , 2000 ) , isofl   a-
vone content in soybean is infl   uenced by the environ-
ment. High temperatures during seed development have 
been shown to decrease the total amount of accumulated 
isofl  avone (Caldwell et al., 2005; Lozovaya et al., 2005; 
Murphy, 2007; Tsukamoto et al., 1995). Increased soil 
moisture may also play a role in isofl  avone accumulation, 
as irrigation was reported to increase isofl  avone content 
(Bennett et al., 2004; Lozovaya et al., 2005).
E l dri dg e  an d  K w o l e k  ( 1 9 8 3 )  o b s e rv e d  t h a t  i s o fl  avone 
content varied among cultivars and within a cultivar across 
locations and years, suggesting a genotypic eff  ect and a geno-
type × environment (G × E) interaction. Wang and Mur-
phy (1994) compared the eff  ects of cultivar, crop year, and 
growing location on isofl  avone content and concluded that 
isofl   avone content was infl   u e n c e d  b y  e a c h  e ff   ect and by 
the interaction between cultivar and crop year. Hoeck et 
al. (2000) confi  rmed the results of the previous research by 
studying multiple cultivars over multiple years and locations. 
They found the eff  ects of genotype, year, and location and 
the interaction eff  ects of year × location, genotype × year, 
genotype × location, and genotype × year × location to be 
signifi  cant. Lee et al. (2003), in a multicultivar, multienvi-
ronment study on isofl  avone content in soybean also found 
signifi  cant genotype, environment, and G × E eff  ects.
Whereas the environment and G × E were reported 
as signifi  cant factors in isofl  avone content, the rank of 
genotypes with relatively low or high isofl   avone con-
tent remained consistent in some multienvironment trials 
(Hoeck et al., 2000; Primomo et al., 2005; Seguin et al., 
2004). This consistency between high- and low-isofl  avone 
types was encouraging because it suggested that selection 
for genotypes with high or low seed isofl  avone content 
should be possible (Hoeck et al., 2000).
The presence of G × E interaction for many quantita-
tive traits has led to the development of several methods 
of statistical stability analysis that can be used to identify 
genotypes with consistent performance across environ-
ments. These methods include Francis and Kannenberg’s 
mean-CV analysis (1978), the Finlay and Wilkinson (1963) 
regression analysis, Shukla’s (1972) stability variance, and 
the genotype–genotype × environment (GGE) biplot 
(Yan et al., 2000). There is no consensus among breeders 
as to which methodology is the best.
The objective of this study was to determine the 
eff   e c t i v e n e s s  o f  f o u r  s t a b i l i t y  a n a l y s e s  f o r  i d e n t i f y i n g  
genotypes with consistent total isofl  avone content across 
several environments.
MATERIALS AND METHODS
Plant Material
Soybean lines were generated from crosses of ‘RCAT Angora’ 
(Ablett and Tanner, 1993) with CK-01 and with ‘Heinong 35’ 
(PI561285A/B). RCAT Angora and CK-01 were developed by 
the Ridgetown Campus of the University of Guelph, and Heinong 
35 is a Chinese cultivar. RCAT Angora was previously identifi  ed 
as having the highest isofl  avone content of a wide set of cultivars 
grown in Ontario (C.-J. Jackson, personal communication, 2000). 
The two crosses were made in 2000 in controlled environment 
growth rooms in the Crop Science building at the University of 
Guelph campus, Guelph, ON. The F1 generation was space planted 
at the Ridgetown Campus, University of Guelph, in the spring of 
2000. The F2 and F3 generations were grown in Costa Rica dur-
ing the fall of 2000 and winter of 2001 using modifi  ed single-seed 
descent and with population sizes around 500 plants cross−1. In the 
spring of 2001, roughly 800 F4 seeds cross−1 were planted at the 
Ridgetown Campus. Approximately 150 F4 plants cross−1 were 
harvested at random to be grown in F4:5 single-plant progeny rows 
in 2002. Progeny rows were grown at Ridgetown in single rows 
5 m in length with 43-cm row widths. Lines were selected on the 
basis of maturity and general agronomic characteristics for further 
evaluation. In 2003, single-replication yield trials of the F4:6 lines 
were conducted at two locations in southwestern Ontario. Thirty-
one lines from the cross Heinong 35 × RCAT Angora and 22 lines 
from the crosses between RCAT and CK-01 were tested. These 
lines were tested again in two-replication F4:7 yield trials in 2004 
at two locations in southwestern Ontario. All trials in 2003 and 
2004 were seeded into fi  ve-row plots, 5 m in length with 43-cm 
row widths. These trials were harvested with standard plot com-
bines, with yield, maturity, height, lodging, oil, and protein lev-
els being measured. The F4:7 lines, grown in 2004, were analyzed 
for total isofl  avone content and classifi  ed as high, intermediate, or 
low, based on their relative isofl  avone content within each popula-
tion. Five lines from each class in each population were selected 
for inclusion in the 2005 and 2006 fi  eld trials with only isofl  avone 
content and relative maturity as selection criteria. The three paren-
tal lines and two maturity checks were also included in the trials.
Field Experiments
In 2005, each genotype was planted at four locations in southern 
Ontario: Ridgetown, Exeter, Inwood, and Woodslee. In 2006, 
the lines were planted again at the same locations in southern 
Ontario, as well as two additional locations: Inkerman, ON, 
and Ste. Anne de Bellevue, QC. These locations are unique in 
agronomic factors aff  ecting growth, including soil type, cul-
tural management, and climate; however, all are suitable for 
the maturity ratings of the selected plant material. The planting 
dates, soil types, mean temperature, and precipitation for each 
location are provided in Table 1.
A randomized complete block design with three repli-
cations was used for each location each year. Plot size varied 
among locations and ranged from four to six rows, 2.5 to 5 m in CROP SCIENCE, VOL. 49, JULY–AUGUST 2009   WWW.CROPS.ORG 1315
isofl  avone model used in this study were as follows: mean 2260 
mg kg–1; SD, 815; standard error of calibration, 240; coeffi   cient 
of determination, 0.9134; standard error of cross validation, 304; 
1 − variance ratio, 0.8608.
Statistical Analyses
Variance Analyses
A combined analysis of variance was computed to estimate the 
main eff  ects of the 10 environments, 35 genotypes, and their 
interaction on total isofl  avone content in soybean. Genotypes 
were considered fi  xed eff  ects, and replications and environment 
were considered random eff  ects. The analysis of variance, least 
square means, and standard errors for total isofl  avone were per-
formed with the PROC MIXED procedure of the SAS soft-
ware (release 9.1.3) (SAS Institute, 2003). Pairwise comparisons 
of the isofl  avone classifi  cation means were made using Tukey’s 
multiple-means comparison method. A Type I error of 0.05 
was used for all statistical comparisons. A test for outliers was 
conducting using Lund’s (1975) test of studentized residuals and 
the General Linear Model procedure in SAS (release 9.1.3) (SAS 
Institute, 2003). Five outliers were identifi  ed and removed from 
the analyses.
Stability Analyses
The following stability analyses were performed using SAS 
software (release 9.1.3) (SAS Institute, 2003): mean-CV (Fran-
cis and Kannenburg, 1978), Shukla’s (1972) stability variance 
(σ2
i), and Finlay and Wilkinson’s (1963) regression analysis. 
Values for Shukla’s stability variance (σ2
i) were calculated in 
SAS using the code developed by Piepho (1999). A GGE biplot 
was generated using GGE biplot software (Yan, 2001). Correla-
tions between Shukla and Finlay–Wilkinson stability statistics 
were conducted using Spearman’s coeffi   cient of rank correla-
tion. A Type I error of 0.05 was used to determine signifi  cance 
in all statistical analyses.
RESULTS
The analysis of variance identifi  ed signifi  cant diff  erences 
among genotypes, environments, and their interaction 
for total isofl   avone content (Table 2). The signifi  cant 
length with 0.18- to 0.46-cm row spacing between rows. Tar-
get populations ranged from 400,000 to 500,000 plants ha−1. 
All plots were grown using standard agronomic practices for 
soybean production in Ontario or Quebec.
Isoﬂ  avone Analyses
All trials were harvested with a self-propelled combine. 
Whole-seed samples were stored at 10°C until preparation of 
the ground material for analysis. A 30- to 35-g seed sample 
from each plot was ground to a fi  ne powder in a water-cooled 
FOSS Knifetec 1095 sample mill equipped with a sharp blade 
(FOSS NIRSystems, Eden Prairie, MN). The ground samples 
were transferred to a resealable plastic bag. The grinder cham-
ber and other grinder parts were thoroughly cleaned to prevent 
carryover between samples. Ground samples were tempered at 
instrument room temperature in the plastic sample bags for 24 
h before scanning.
The isofl  avone contents of the ground samples were deter-
mined by near-infrared spectroscopy on a FOSS NIRSystems 
6500 spectrometer (FOSS NIRSystems, Eden Prairie, MN) 
operating with ISIscan software (Infrasoft International, Lau-
rel, MD). After all of the samples had been scanned and spectra 
obtained, the scan fi  les were standardized and the results were 
predicted. Total isofl  avone content was predicted using a model 
constructed at Agriculture and Agri-Food Canada, Harrow, 
ON, and used for analysis of commercial soybean samples and 
historical cultivars (Morrison et al., 2008). Briefl  y, the model was 
constructed using laboratory reference data obtained by reverse-
phase high-performance liquid chromatography separation and 
electrochemical detection of the genistein, daidzein, glycitein, 
and the respective glucoside conjugates following extraction and 
saponifi  cation following AOAC Offi   cial Method 2001.10 (AOAC 
International, 2003). Sample replicate values exhibited standard 
deviations consistent with AOAC specifi  cations. Total isofl  avone 
was obtained by summing the aglycone equivalent values of the 
six constituent isofl  avone compounds. The total isofl  avone value 
for each sample was used to construct the predictive model using 
soybean samples from multiple seasons and multiple locations 
across a wide range of isofl  avone contents. The samples from the 
2005 and 2006 seasons were predicted from the stored spectra 
using the same model equations. Equation statistics for the total 
Table 1. Description of agronomic and environmental factors for 35 soybean genotypes evaluated in 10 environments in Ontario 
(Ridgetown, Woodslee, Inwood, and Exeter) and Quebec (St. Anne de Bellevue).
Location 
and year
Planting 
date
Soil 
type
Average max. 
temperature
Average min. 
temperature Precipitation
— — — — — — — — —  °C — — — — — — — — —m m
Ridgetown 2005 May 26 Humaquept 28.0 14.8 140
Woodslee 2005 June 8 Typic Argiaquoll 28.8 17.4 158
Inwood 2005 May 19 Humaquept 28.2 15.1 168
Exeter 2005 May 21 Udalfs 26.8 14.2 328
Ridgetown 2006 May 25 Humaquept 25.1 13.3 342
Woodslee 2006 May 31 Typic Argiaquoll 26.4 15.9 301
Inwood 2006 May 29 Humaquept 25.0 13.3 332
Exeter 2006 May 29 Udalfs 25.2 13.4 299
Inkerman 2006 May 27 Udalfs 23.7 12.0 294
St. Anne de Bellevue 2006 May 21 Typic Endoquent 23.1 13.7 5381316  WWW.CROPS.ORG  CROP SCIENCE, VOL. 49, JULY–AUGUST 2009
diff   erence among environments was most evident 
between years (Fig. 1). The environmental conditions 
in 2005 could be described as signifi  cantly warmer and 
drier than in 2006 for most locations (Table 1). Previous 
research has shown decreased isofl  avone accumulation 
(Caldwell et al., 2005; Lozovaya et al., 2005; Murphy, 
2007; Tsukamoto et al., 1995) in warm and dry envi-
ronments. Isofl  avone levels across all 10 environments 
ranged from a low of 1.489 g kg−1 at Inwood in 2005 to 
3.630 g kg−1 for St. Anne de Bellevue in 2006. Geno-
types with the highest total isofl   avone content were 
Entries 11, 13, and 15 (Table 3). These entries were 
originally classifi  ed as high-isofl  avone lines derived from 
the RCAT Angora × CK-01 cross. RCAT Angora, the 
high-isofl  avone parent, had the fourth highest 
total isofl  avone content of the 35 genotypes, 
while CK-01 ranked 18th. Entry 30, the line 
with the fi  fth highest isofl  avone content, was 
derived from the Heinong 35 × RCAT Angora 
cross. The commercial checks, OAC Kent and 
Crown, were ranked 33rd and 34th, respec-
tively, while Heinong 35, the nonadapted par-
ent, had the lowest isofl  avone content.
The original classifi  cation of the entries 
remained relatively consistent across the 10 
environments (Fig. 1). For the cross RCAT 
Angora × CK-01, in each environment the 
mean of the entries classifi  ed as high isofl  a-
vone was signifi  cantly distinct from the mean 
of the entries classifi  ed as low isofl  avone. The 
mean of the intermediate classifi  ed  entries 
was signifi  cantly lower than the high class at 
all environments but not signifi  cantly diff  er-
ent from the low class. For the cross Heinong 
35 × RCAT Angora, the high and low classes 
were signifi  cantly diff  erent from each other 
at all environments, resulting in two dis-
tinct classes. The intermediate class was not 
always signifi  cantly diff  erent from the high 
or low classes.
Shukla’s Stability Variance
Shukla’s stability variance (σ2
i) is strictly a mea-
sure of stability, rather than performance. The 
genotypes with the smallest stability variance, 
and thus considered to be the most stable, were 
Entries 10, 23, and Crown (Table 4). Entry 10, 
an intermediate-class line derived from RCAT 
Angora × CK-01, had average isofl  avone con-
tent and ranked 16th out of the 35 genotypes. 
Entry 23 was originally classifi  ed in 2004 as an 
intermediate line derived from RCAT Angora 
× Heinong 35, but it ranked low for isofl  a-
vone levels based on the 2005 and 2006 data. 
Figure 1. Mean total isoﬂ avone of each isoﬂ avone class (high, intermediate, or low) 
in 10 environments in 2005 and 2006 within soybean crosses (A) ‘RCAT Angora’ 
× CK-01 and (B) ‘Heinong 35’ × RCAT Angora (SEM = 0.153). RC = Ridgetown 
Campus, WD = Woodslee, IN = Inwood, EX = Exeter, IK = Inkerman, ON; 
MT = Ste. Anne de Bellevue, QC.
Table 2. Variance analysis of total isoﬂ  avone content (g kg–1) 
of 35 soybean genotypes grown in 10 environments in 2005 
and 2006†.
Random effects
Source of variation Estimate SE Z  P 
Environment 0.504 0.239 2.11 0.0174
Replication(Environment) 0.0043 0.0018 2.43 0.0076
Genotype × Environment 0.031 0.0038 8.07 <0.0001
Fixed effects
Source of variation
Numerator 
df
Denominator 
df
F  P 
Genotype 34 306 49.97 <0.0001
†2005 environments: Ridgetown, Woodslee, Inwood, and Exeter, ON. 2006 envi-
ronments: Ridgetown, Woodslee, Inwood, Exeter, Inkerman, ON, and Ste. Anne 
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Crown was a commercial check with low isofl  avone 
content. The genotypes with high isofl  avone content, 
Entries 11, 13, and 15, were ranked 18th, 9th, and 
12th, respectively, by the stability variance param-
eter. Of the parents, RCAT Angora, ranked fourth 
for total isofl  avone, had poor stability with the rank-
ing of 24th. Heinong 35, with low isofl  avone, was 
ranked 34th for stability. CK-01 had average stability 
and ranked 14th out of the 35 genotypes.
Finlay–Wilkinson Regression Analysis
Values of the Finlay–Wilkinson regression coeffi   cient 
(b) were derived by a linear regression of each geno-
type’s isofl  avone level on the average isofl  avone level 
of all genotypes for each location. The population 
mean has a regression coeffi   cient of 1.0, which repre-
sents average stability. Entries 7, 10, and 34 (Crown) 
were the most stable genotypes, while Entries 18 and 
27 were the least stable (Table 5).
Rank Correlations of Stability Parameters
A Spearman’s rank correlation was conducted between 
the genotype ranks of mean total isofl  avone and the 
stability parameters that produce ranks of stability for 
the genotypes: Shukla’s stability variance and the Fin-
lay–Wilkinson regression coeffi   cient. The analysis was 
used to identify agreement among the parameters for 
stability of the genotypes. Stability ranks given by the 
stability parameters of Shukla and Finlay–Wilkinson 
were highly correlated (r = 0.934), indicating that the 
ranks of stability from one method to the next for the 
genotypes were in agreement. The stability param-
eters did not correlate with the rank for mean total 
isofl  avone (−0.174 and −0.115). These two stability 
parameters consider only the response of genotypes to 
the environment and the G × E interaction, but not 
the performance of the genotypes themselves. The 
results indicated that relative stability for isofl  avone 
content was independent of actual isofl   avone level 
within these soybean populations.
Mean-CV Analysis
Francis and Kannenberg’s (1978) mean-CV method 
evaluated performance and stability concurrently in 
a simple graphical form by plotting the mean per-
formance of each entry against its coeffi   cient of variation 
(CV). The resultant graph was divided into four quad-
rants using the mean performance and mean CV across all 
genotypes (Fig. 2). A low CV indicated that a genotype 
had low variability over environments. These genotypes 
were found in either Quadrant I or III. Genotypes with 
the highest mean and a low CV were Entries 11, 13, and 
15 (Fig. 2). Entries 30 and 32 (RCAT Angora) also had 
high mean performance and a lower than average CV, 
indicating that they had more consistent isofl  avone levels 
than average. Heinong 35 (Entry 31) had both low total 
isofl  avone content and the highest CV, indicating incon-
sistent performance. CK-01 (Entry 33) had average isofl  a-
vone content and average stability.
GGE Biplot
For the GGE biplot, if the ideal genotype had consistent 
high isofl  avone content, this would be defi  ned by a high 
Table 3. Isoﬂ  avone ranking, pedigree, isoﬂ  avone classiﬁ  cation, and 
mean total isoﬂ  avone of 35 soybean genotypes grown in 10 environ-
ments in 2005 and 2006† listed by entry number (SEM = 0.235).
Entry 
no.
Isoﬂ  avone 
ranking Pedigree Isoﬂ  avone 
class‡
Mean total 
isoﬂ  avone
g kg–1
1 24 ‘RCAT Angora’ × CK-01 L 2.365
2 17 RCAT Angora × CK-01 L 2.644
3 7 RCAT Angora × CK-01 L 3.100
4 21 RCAT Angora × CK-01 L 2.583
5 10 RCAT Angora × CK-01 L 2.995
6 14 RCAT Angora × CK-01 I 2.808
7 20 RCAT Angora × CK-01 I 2.599
8 8 RCAT Angora × CK-01 I 3.092
9 23 RCAT Angora × CK-01 I 2.541
10 16 RCAT Angora × CK-01 I 2.667
11 2 RCAT Angora × CK-01 H 3.476
12 15 RCAT Angora × CK-01 H 2.734
13 1 RCAT Angora × CK-01 H 3.509
14 12 RCAT Angora × CK-01 H 2.899
15 3 RCAT Angora × CK-01 H 3.460
16 29 ‘Heinong 35’ × RCAT Angora L 2.197
17 22 Heinong 35 × RCAT Angora L 2.547
18 25 Heinong 35 × RCAT Angora L 2.323
19 27 Heinong 35 × RCAT Angora L 2.296
20 30 Heinong 35 × RCAT Angora L 2.196
21 28 Heinong 35 × RCAT Angora I 2.273
22 6 Heinong 35 × RCAT Angora I 3.109
23 32 Heinong 35 × RCAT Angora I 2.047
24 13 Heinong 35 × RCAT Angora I 2.860
25 26 Heinong 35 × RCAT Angora I 2.319
26 11 Heinong 35 × RCAT Angora H 2.974
27 9 Heinong 35 × RCAT Angora H 3.086
28 19 Heinong 35 × RCAT Angora H 2.601
29 31 Heinong 35 × RCAT Angora H 2.056
30 5 Heinong 35 × RCAT Angora H 3.245
31 35 Heinong 35 P 1.576
32 4 RCAT Angora P 3.319
33 18 CK-01 P 2.611
34 34 Crown C 1.985
35 33 OAC Kent C 1.990
†2005 environments: Ridgetown, Woodslee, Inwood, and Exeter, ON. 2006 environments: 
Ridgetown, Woodslee, Inwood, Exeter, Inkerman, ON, and Ste. Anne de Bellevue, QC.
‡Isoﬂ  avone classes: H = high, I = intermediate, L = low, based on 2004 data (unpublished). 
P = parent, C = check.1318  WWW.CROPS.ORG  CROP SCIENCE, VOL. 49, JULY–AUGUST 2009
Principal Component (PC) 1 score, indicating good perfor-
mance, and a small (absolute) PC2 score, which was a mea-
sure of their stability. If the ideal genotype was that with 
consistent low isofl  avone content, the PC1 score should be 
low and the PC2 score should again be small (absolute).
A polygon view of the GGE biplot, including all 
10 environments, explained 91.2% of the genotype and 
genotype × environment (G and GE) variation (Fig. 3). 
The vertex genotypes were Entries 18, 29, 31, 22, 15, 
and 13. Entries 13 and 15 were the vertex genotypes in 
the sectors in which the environments fell, indicating 
that they had the highest isofl  avone content out of all 
the entries in these environments. Entry 11 fell at an 
intermediate point on the line connecting Entries 13 and 
15, indicating that it performed intermediately between 
these entries at all locations. No environments fell into 
the sectors with Entries 18, 29, and 31, indicating that 
these entries had the lowest total isofl  avone content in 
some or all of the environments.
This polygon view of the biplot also allows for the 
identifi  cation of mega-environments, which are locations 
Table 4. Shukla’s stability variance (σ2
i), stability ranking, 
and mean total isoﬂ  avone ranking of 35 soybean genotypes 
grown in 10 environments in 2005 and 2006†.
Entry Shukla’s stability 
variance 
Stability 
ranking
Isoﬂ  avone 
ranking
σ2
i
23 0.000 1 32
10 0.000 2 16
Crown 0.019 3 34
19 0.046 4 27
OAC Kent 0.052 5 33
70 . 0 7 4 6 2 0
40 . 1 7 8 7 2 1
24 0.202 8 13
13 0.287 9 1
17 0.294 10 22
20 0.311 11 30
15 0.322 12 3
30 . 3 2 8 1 3 7
CK-01 0.333 14 18
60 . 3 4 0 1 5 1 4
21 0.341 16 28
50 . 3 5 4 1 7 1 0
11 0.360 18 2
20 . 3 6 8 1 9 1 7
10 . 3 7 0 2 0 2 4
25 0.383 21 26
28 0.385 22 19
9 0.407 23 23
‘RCAT Angora’ 0.409 24 4
80 . 4 3 9 2 5 8
14 0.444 26 12
16 0.451 27 29
12 0.455 28 15
30 0.502 29 5
22 0.512 30 6
29 0.570 31 31
26 0.600 32 11
27 0.629 33 9
‘Heinong 35’ 0.690 34 35
18 0.766 35 25
†2005 environments: Ridgetown, Woodslee, Inwood, and Exeter, ON. 2006 envi-
ronments: Ridgetown, Woodslee, Inwood, Exeter, Inkerman, ON, and Ste. Anne 
de Bellevue, QC.
Table 5. Finlay–Wilkinson regression coefﬁ  cient (b), stabil-
ity ranking, and isoﬂ  avone ranking of 35 soybean genotypes 
grown in 10 environments in 2005 and 2006†.
Entry b estimate Stability 
ranking
Isoﬂ  avone 
ranking
Crown 0.74 1 34
10 0.86 2 16
70 . 8 6 3 2 0
23 0.87 4 32
40 . 8 7 5 2 1
19 0.88 6 27
15 0.90 7 3
24 0.90 8 13
11 0.91 9 2
OAC Kent 0.92 10 33
17 0.93 11 22
21 0.95 12 28
13 0.96 13 1
CK-01 0.97 14 18
20 0.98 15 30
50 . 9 8 1 6 1 0
30 . 9 8 1 7 7
28 1.01 18 19
22 1.01 19 6
61 . 0 1 2 0 1 4
11 . 0 1 2 1 2 4
91 . 0 2 2 2 2 3
25 1.02 23 26
21 . 0 4 2 4 1 7
‘RCAT Angora’ 1.04 25 4
14 1.05 26 12
12 1.07 27 15
29 1.07 28 31
16 1.09 29 29
30 1.09 30 5
81 . 1 0 3 2 8
26 1.19 33 11
‘Heinong35’ 1.25 34 35
27 1.25 35 9
18 1.27 36 25
†2005 environments: Ridgetown, Woodslee, Inwood, and Exeter, ON. 2006 envi-
ronments: Ridgetown, Woodslee, Inwood, Exeter, Inkerman, ON, and Ste. Anne 
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that do not respond similarly to the oth-
ers tested. Inkerman may be considered a 
mega-environment in this experiment, as 
it has a larger PC2 score, it does not group 
with any of the other nine environments 
(Fig. 3), and several genotypes appear to 
react uniquely at this environment. When 
a biplot is generated excluding Inker-
man, 93.4% of the G and GE variation is 
explained (Fig. 4). The vertex genotypes 
become Entries 29, 34, 31, 22, 15, 13, and 
3. Entry 18 is no longer considered a ver-
tex genotype but falls within the polygon 
with the other genotypes. This may sug-
gest that Entry 18 reacts specifi  cally in 
this environment. Indeed, Entry 18 had 
very high isofl  avone levels at Inkerman 
(Rank second) when compared with its 
performance in the other environments 
(Rank 24th–33rd).
In Fig. 5, the genotype with the most 
stable high isofl   avone content is Entry 
13. The genotypes considered to have 
stable low isofl  avone content are 23, 34 
(Crown), and 31 (Heinong 35).
As Inkerman had been identifi  ed as a 
mega-environment, it may be helpful to evaluate stability 
of the genotypes with Inkerman removed from the analy-
sis (Fig. 6). This results in the relative stability of some 
entries increasing as evidenced by the position of 
entries closer to the average environment coor-
dinate. Genotypes with stable high-isofl   avone 
performance are 11, 13, and 15. The most stable 
low-isofl   avone genotypes are Entry 35 (OAC 
Kent) and Entry 23. Heinong 35 was no longer 
c o n s i d e r e d  s t a b l e  w h e n  t h e  I n k e r m a n  l o c a t i o n  
was removed from the analysis.
DISCUSSION AND CONCLUSIONS
This study evaluated the stability of isofl   avone 
content in soybean using various stability meth-
ods and found that, in general, the results of the 
analyses were in agreement. Each analysis was able 
to discriminate key diff  erences in stability across 
a range of genotypes. As indicated by the Spear-
man rank correlation, the methods that evaluated 
stability alone, Shukla’s stability variance and the 
Finlay–Wilkinson regression coeffi   cient,  ranked 
the genotypes’ stability similarly. Entries 7, 10, 
23, and 34 were consistently described as stable by 
both the Shukla stability variance and the Finlay–
Wilkinson regression analysis. Entries 8, 27, and 
31 were consistently described as unstable. Either 
method would be useful in determining stable genotypes 
for this trait.
Figure 2. A plot of mean performance, measured as total isoﬂ  avone content (g kg–1), 
vs. CV of 35 soybean genotypes grown in 10 environments in 2005 and 2006. Test 
genotypes are denoted by the letter e followed by their corresponding entry number 
(e1, e2, …, e30). Parental and check genotypes are denoted by name. Dotted lines 
intersecting the plot indicate the average performance (isoﬂ  avone level) and average 
CV (%). Roman numerals describe Quadrants I, II, III, and IV. 2005 environments: 
Ridgetown, Woodslee, Inwood, and Exeter, ON. 2006 environments: Ridgetown, 
Woodslee, Inwood, Exeter, Inkerman, ON, and Ste. Anne de Bellevue, QC.
Figure 3. Polygon view of the GGE biplot based on total isoﬂ  avone content 
data of 35 soybean genotypes tested in 10 environments in 2005 and 2006. 
2005 environments: 90RC = Ridgetown, 91WD = Woodslee, 92IN = Inwood, 
and 93EX = Exeter, ON. 2006 environments: 100RC = Ridgetown, 101WD 
= Woodslee, 102IN = Inwood, 103EX = Exeter, 104IK = Inkerman, ON, and 
106MT = Ste. Anne de Bellevue, QC. PC = principal component.1320  WWW.CROPS.ORG  CROP SCIENCE, VOL. 49, JULY–AUGUST 2009
The graphical methods of stability analysis that also 
concurrently evaluate performance, mean-CV analysis 
and the GGE biplot, were in agreement. Both methods 
identifi  ed Entries 11, 13, 15, 30, and 32 as having consis-
tent high isofl  avone content. Genotypes with consistent 
low isofl  avone content were also identifi  ed, specifi  cally 
Entries 23 and 34.
The results of the GGE biplot analysis suggested 
that Inkerman may be a mega-environment, although 
no obvious environmental or biotic factor infl  uenced 
this location. Removal of Inkerman from the analysis 
allowed a better examination of genotypic stability and, 
interestingly, Heinong 35 was no longer identifi  ed as 
stable, consistent with other stability analyses.
The results suggest that progress can be made in 
breeding for high isofl  avone levels. Entries 11, 13, 
and 15, derived from a cross between RCAT Angora 
× CK-01, each had signifi   cantly higher midparent 
isofl  avone levels and, although not signifi  cant, ~5% 
higher total isofl  avone content than the high parent, 
RCAT Angora. These entries also had better relative 
stability than both of the parents. Likewise, entry 30, 
with stable performance, had higher isofl  avone con-
tent than the midparent value between Heinong 35 
and RCAT Angora.
Based on the results, it appears possible to 
breed for relative stability within either high- or 
low-isofl  avone classes. Relative stability was not 
associated with isofl   avone level and genotypes 
were identifi  ed with consistent rankings as high- 
or low-isofl  avone lines. Although Entries 11, 13, 
and 15 had high isofl  avone levels in each environ-
ment, the range of the trait expression for each of 
these genotypes across the 10 environments was 
large, roughly between 2.5 and 4.5 g kg–1. Simi-
larly, the range across environments for the rela-
tively stable low-isofl   avone genotypes was also 
quite large. Our results indicated that breeding 
for relative isofl  avone content was possible in these 
two soybean populations; however, breeding for 
absolute stability remains a challenge because of 
the strong eff  ect of the environment on isofl  avone 
accumulation in soybean.
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Figure 6. The mean vs. stability view of the GGE biplot based on 
total isoﬂ  avone content data of 35 soybean genotypes tested in nine 
environments in 2005 and 2006 with one environment, 104IK, removed. 
The average environment coordinate (AEC)-abscissa, which passes 
through the biplot origin, approximates the mean isoﬂ   avone content 
of the genotypes. The arrow points in the direction of increasing mean 
total isoﬂ  avone. The AEC-ordinate, perpendicular to the AEC-abscissa 
approximates the GEI or stability of the genotypes. The arrow of the 
AEC-ordinate points to lower stability. 2005 environments: 90RC = 
Ridgetown, 91WD = Woodslee, 92IN = Inwood, and 93EX = Exeter, ON. 
2006 environments: 100RC = Ridgetown, 101WD = Woodslee, 102IN = 
Inwood, 103EX = Exeter, 104IK = Inkerman, ON, and 106MT = Ste. Anne 
de Bellevue, QC. PC = principal component.